Abstract-This study proposes a standard methodology for coaxial dielectric property measurements of powdery materials (1-10GHz) using a coaxial transmission line. Four powdery materials with dielectric constants ranging from 3.5 to 70 (SiO2, Al2O3, CeO2, and TiO2) were experimentally investigated at varying volume loading fractions. A statistically significant number of paraffin heterogeneous-mixtures were synthesized for all dielectric powders. The dielectric properties of the constitutive materials were determined using appropriate mixture equations. The sensitivity of the dielectric prediction to volume loading and frequency are discussed with guidance on selecting the best mixing equation. It was determined that volume loading near 10% is optimal for the frequency and dielectric range considered. Furthermore, there was not one single mixing equation that proved best over the entire range of dielectric studies. To this end, a standard testing procedure for powdery materials justified with guidelines for selection of appropriate mixture equation.
I. INTRODUCTION
he experimental characterization of electromagnetic (EM) wave interactions with powdery materials is critical to new devices and process developments at GHz frequencies. While the physics of this wave-matter interaction at microwave wavelengths has been well established the experimental measurement technique to derive the properties is often subject to considerable random error. These errors are complicated by the discrete nature of the powdery materials. These random errors are typically a result of inconsistency of the testing procedural method and large uncertainty in the mathematical approach used to determine the constitutive dielectric properties from a mixture. Moreover, the same preparation method of powdery materials will influence the electrical (dipole) continuity of the sample and subsequently the polarizability or dielectric properties [1] . In considering all the aforementioned uncertainties in the dielectric measurement of powdery materials this paper outlines and justifies several best practice guidelines for determined the dielectrics of powdery materials.
One of the targeted application of these powdery materials is for the transformation of chemical processes at microwave frequencies that have the potential to achieve new processing windows. With new processing windows comes the potential for new production distribution at higher conversion efficiencies, permitting new modular reactor designs. Often these chemical processes, require the use of a catalytic material that have tailored microwave absorption properties. In tailoring these microwave sensitive catalysts there are several physical attributes that contribute to how well these particles absorb EM radiation; the particle shape, size, electrical conductivity, and heterogeneity all influence the bulk dielectric properties [2] . Moreover, powdery materials exemplify a majority of these problematic attributes with irregular shape and widely varying material properties. In understanding the science of a particle process, good characterization of the underlying materials' dielectric properties is required.
The complexity of these catalyst materials leads to inaccurate dielectric constant measurements. There are multiple measurement techniques, such as rectangular free-space waveguide, open-ended probe, and coaxial precision airline [3] [4] [5] . The coaxial precision airline is the preferred method as it provides a precise measurement (low random error) of the transmission lines, which can readily be transformed into a complex dielectric constant. This study will focus on the use of a coaxial airline method with non-magnetic (permeability of unity) materials.
A brief survey of the current literature reveals several preparation methods used to measure powdery material in a high precision coaxial airline. These methods include sintering pellets of powdery materials and die pressing powders into pellets. Each of these methods come with their own difficulties and drawbacks, resulting in inconsistency of reported values. Air inclusion in pure powder testing is one of the greatest challenges; no matter how packed a powder, there will be air present in the plug creating increased variability during testing [6] . While sintering powders is a long complex process requiring extensive equipment and can often be expensive. This coupled with bulk changes to the materials dielectric properties and density caused by an increase in the electrical continuity of a materials individual grains [7] [8] . As the intergranular conductivity increases the variation there is a local change in the polarizability or dipole density, which is evident in the transmission line measurement. A better approach that retains a similar intergranular conductivity to that of the actual powders is to cast the powder into a paraffin matrix. In addition to retaining the correct continuity, this method is less expensive, easier, and faster than sintering pellets. Moreover, it avoids any concern with transformation of the materials crystalline phase by post-heating or partial annealing of the sample during sintering. This makes it the preferred method, which is corroborated by many other studies in the literature. However, by casting the powder in paraffin the transmission line measurement is for a two-phase homogenous composite. By assuming that the paraffins dielectric constant is unchanged over the frequency range of interest there are a plethora of mathematical expression for calculating the composite properties of homogenous mixtures. By solving the inverse of these mixing equation for the constitutive dielectric properties a prediction for the powder's properties can be ascertained. Through this is a well-cited practice, there is a lack of information on the procedural method of how to process these paraffin composites and select the correct mixing equation to achieve a high precision, low random error result. [9] [10] [11] Therefore, this study has outlined a best practice, procedural method for a range of dielectrics and provides experimental justification through demonstration and analysis of results.
II. EXPERIMENTAL A. Materials and Sample Preparation
Powdery materials used as the filler for the composite samples were silicon dioxide (SiO2 Sigma-Aldrich, 99.9% purity), aluminum oxide (Al2O3, Inframat Advanced Materials, 99.7%), cerium (IV) oxide (CeO2, Alfa Aesar, 99.5%), and anatase titanium (IV) oxide (TiO2, Acros Organics, 99.5). These materials were selected based on their well-documented dielectric constants at room temperature (RT) and their nonmagnetic attributes. These materials possess relative dielectric constants of 3.5, 8.5, 21.3, and 70. respectively [12] [13] . This large range of dielectric constant was selection to demonstrate the usefulness of this technique over a large span.
The composites plugs were created using a paraffin matrix with the previously mentioned powders at various volume loadings. Paraffin has a frequency independent relative dielectric constant of approximately 2.3. Powder volume loadings was selected to be 5, 10, 20, and 30 percent. Volume percentages of the paraffin and powder were calculated prior to combination. Powders were combined with solid paraffin pellets in a beaker and heated to 70℃ using a water bath. Once the paraffin was fully melted, the mixture was thoroughly mixed using mechanical agitation and cast into a 3D printed inverted test cell. An illustration of the inverted test cell that was printed using a plastic 3D printer is shown in Fig. 1A . This inverted test cell was surrounded by a cylindrical sleeve (not pictured) with an inner diameter corresponding to the outer diameter of the test cells airline. The composite was cooled to room temperature using ambient air and cut using a jeweler's saw to the desired length. This length was selected such that it was not equal to the half wavelength of the frequency of interest [12] , which was 3.2 cm in this study. This was done to avoid any discontinuities associated with samples being equal to ½ wavelength a criterion of certain dielectric calculations.
To confirm that the powdery material was not settling to the bottom of the mold during solidification a micro-CT measurement was made. Figure 1D is the reconstructed image of an alumina/paraffin mixture. It was confirmed that there was no substantial settling. It was also confirmed that there were not any noticeable voids that may arise due to a difference in thermal expansion.
B. Dielectric Testing
Prior to testing it is important to calibrate an empty coaxial airline with the software to minimize the systematic error associated with the measurement. To take a measurement the sample was loaded into the airline with the center electrode in place, as shown in Fig. 1B . All interfaces between the airline and cable were thoroughly cleaned using isopropyl alcohol and dried using compressed air. Each plug was tested in the microwave range of 1-10 GHz and the scattering parameters (Sparameters) were measured at 1601 equally spaced points within this range. The relative dielectric constant for each sample was calculated from the measured scattering parameters using the Nicholson-Ross-Weir polynomial method [13] . This returns a relative dielectric constant as a function of frequency for the composite plug. As will be elaborated in the next section, Figure 1D . is a 3D reconstruction of a composite plug that was experimentally determined from a micro-CT scanner.
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Outer Electrode B these composite dielectric properties were then used to determine the relative dielectric constant of the powder material.
All measurements reported in the study were made using a 0.70 cm diameter coaxial airline (HP model no. 85051-60010) connected to a Keysight N5231A PNA-L microwave network analyzer known as a VNA shown in Fig. 1C . The different volume loadings of the powders were confirmed using CT scans and the Fiji software [14] .
III. Mixing Equation
This study investigated ten different common mixing equations and compared their accuracy using powders with a wide range of known dielectric constants. An analysis of these equations across a range of dielectrics is aimed at achieving an understanding of the ideal mixture equation for powder mixtures. The absence of information in literature on the specific uses of these mixture equations for two-phase homogenous composites leads to a lack of consistency in their applications [1] . A comprehensive look at the equations across multiple volume loadings was conducted to determine the accuracy and fitness of a given equation for a given relative dielectric constant. This difficulty in creating a single mixing equation for two-phase homogenous composite can be attributed in part to of no exact solution existing for the electrostatic problem in a random heterogeneous geometry. [1] The use of powders with known dielectric constant properties allows for comparisons of these theoretical mixture equations against actual experimental values. Showing which of the mixture equations follow the trends of the composite as volume loading increases will illuminate which equation can be used for any volume loading of a given powder in a similar dielectric constant range.
There are several factors that contribute to the difficulty in testing powders for their dielectric constants. Dielectric constants for the same material will generally fall within a range of values that has a large standard deviation. The HashinShtrikman bounds are generally considered the limits for determining the effective permittivity of a mixture for a given volume fraction [1] . There are also wider bounds known as the Wiener bounds which represent the absolute bounds of a mixture based on the material orientation [1] . Interparticle effects inside a matrix are a lesser understood problem of powdery materials. These effects will alter the dielectric constant behavior until a particle threshold in a given volume has been reached. This leads to increase spread and calculation error if not properly taken into account. Interparticle effects cause the dielectric constant to be higher than what mixture equations predict, due to interactions between particles in a matrix that increase the dipole density (polarizability) in the mixture [16] .
The most well-known general empirical equations for predicting the dielectric constant of a two-phase homogenous compound is shown in Equations 1-10. The predictive power of these equations and therefore their usefulness in calculating an unknown dielectric constant of a constitutive material in the mixture becomes limited by the way in which the sensitivity propagates through each of the equations. Furthermore, it is important to understand that each of these equations were empirically derived for a certain frequency range and dielectric constant range with respect to the mixture. Often a particular equation is better able to predict a certain range of dielectric properties and frequencies.
Equation 1-10 are known as the following, Parallel (Eq. 1), Series (Eq. 2), Silberstein (Eq. 3), Lichtenecker (Eq. 4), Looyenga (Eq. 5), Birchak (Eq. 6), Poon-Shin (Eq. 7), Electro Magnetic Theory (EMT) (Eq. 8), Maxwell-Garnet (Eq. 9), and Jayasundere-Smith (Eq. 10) mixing rules respectively. [1] [11] [15] Where , , and stand for the dielectric constant of the mixture composite, matrix material (paraffin), and powdery material. is the volume loading of the powder and is the volume loading of the paraffin. The EMT mixing rule uses a particle shape factor denoted n. Every equation except for the EMT mixing rule is dependent on only four variables in calculating the mixtures' dielectric constants. This plays a large role in the sensitivity of the equations.
Confidence in the selection of the appropriate equation will be provided in the study by looking at a range of dielectrics and applying each of the equations to back calculate the particles dielectric constant. This comparison of the different model types will provide clarity on how volume loading and variability in dielectric constant of powder influence the predicted dielectric constant. The Hashin-Shtrikman bounds and the Wiener bounds can serve as a reference check to ensure that the mixture equations have not fallen outside of the feasible range.
To ensure the greatest accuracy in the calculations involving the mixture equations, a single-phase paraffin plug was created and measured. The homogenous paraffin plug severed as the control allowing for compensation of any error associated with using the theoretical dielectric constant of paraffin. By creating a homogenous paraffin plug out of the same paraffin used in the composite mixtures, any variations from the theoretical dielectric constant for the paraffin can be considered. This increased the accuracy or systematic error of the data being used in the mixture equations thus resulting in a more accurate dielectric constant calculation.
To determine how accurate Equations 1-10 are in predicting dielectric constants of powdery materials embedded in paraffin, several volume loadings and various / were studied. providing a method of systematically determining which equation would be most accurate for a given dielectric range. This was achieved using both a numeric and graphical method to access the fitness of each equation. A scatter plot of all the measured values for each volume loading was mapped against the predictive mixing equations using the dielectric constants available in literature. A numerical analysis of percent error was then performed to validate the graphical results using the error between predictive dielectric constant of the compound and measured values.
IV. RESULTS
Over the frequency range of 1-10GHz the composite mixtures in this study showed little to no frequency dependence which was a characteristic of all the powders investigated in this study, including the paraffin. Fig. 2 depicts the dielectric constant for each volume loading of Al2O3 across the tested frequency range. All the other powders studied also demonstrate a similar trend as Fig 2. This frequency independence is typical of ceramic based materials in this microwave range. The reader should note that other materials may not exhibit this frequency independence and it should be taken into consideration when testing other powdery materials.
A. Dielectric Measurement of Powdery SiO2
The dielectric constant of SiO2 is just slightly greater than that of paraffin resulting in a dielectric inclusion ratio, / = 1.5, = 2.3. Fig. 3 demonstrates a scatterplot of six composites at each volume loading mapped against the theoretical outputs of all ten mixture equations. All the mixture equations are accurate, with exceptions to the Silberstein mixing rule. All other equation are within 5% of the average dielectric constant at each volume loading. At lower volume loadings (<20%) the error is less than 2% for all equations except Silberstein. The trends in Fig 3 support the claim that at small / the majority of mixture equations behave mathematically the same with a linear dependence as volume fraction increases. There is a slight difference in the rate that is not discernable until higher volume fractions. At volume loading above 30% the spread between equations is greater than the error bars of the experimental values at lower volume loading. This is the first indication that it is best if the volume loading can be low, below 30% for small / . It is important to point out that as the volume loading approaches 100% the value should converge on the particles dielectric value, in the case of SiO2 this value is 3.5. Looking at Equation 3, which represent the Silberstein equation, some claims can be made on why this equation did not work for small / . Because the power terms in the expression are additive the term in the case of small / become a simple shifting term. This is apparent in Fig 3 because across the volume loading range the Silberstein equation is nearly equal to the pure powder values. It will be demonstrated for higher / that this shifting is less apparent because both terms contribute to the sum and therefore Silberstein equation gives better agreement which is why it is not immidetly dismissed as a viable equation.
B. Dielectric Measurement of Powdery Al2O3
As the / increases the behavior of the equations starts to rapidly change from that seen in the previous section for SiO2. This can be seen in Fig. 4 where the dielectric constant of Al2O3 is 9.8 resulting in an increased dielectric inclusion ratio / =4.3. The predictive values for the mixture equations start to diverge from one another especially at the higher volume loadings. At lower volume loadings, the majority of mixture equations are still fairly accurate when predicting the compounds dielectric constant with exception to Silberstein and Series Mixing equations. As volume loading increases, only one of the equations does an excellent job at mapping the trend of the compounds increasing dielectric constant. This equation is the EMT Mixing Rule, shown as a solid line Fig 3. The deficiency in the Silberstein equation can be associated with the previous mention comments for SiO2 and small / . That comment was that the equation suffers from a shift in the y-axis as a result of one of the terms in the equation dominating the summation. The series solution does a better job at predicating the values but under predicts the values. If we look at Equation 2 above, which represents the Series Mixing equation it is representative of the addition of two series capacitors. This means the output will be limited by the highest capacitive component. In the case of low volume loading this would be the paraffin and it is not until higher volume loadings that Al2O3 becomes the dominating component. This is visually representative in Fig 3 as an increase in the predictive solution of the series mixing equation with increased volume loading.
In the case of the EMT Mixing Rule, which performed best at matching the trends at low volume fraction, there is some concern over higher volume loadings above 40%. The values for the EMT equation are severely underpredicted in this range likely resulting in the equation failing to accurately predict the compounds dielectric. Again, we would expect as the volume loading approaches 100% the value should be 9.8 or that of pure Al2O3. Equation 8 represents the EMT Rule. The reason why it does not approach 9.8 is because of the n-term in the equation, which is free to chosen by the user to represent secondary interaction between particles in the mixture. If the limit is taken as the volume fraction of the particle (Vp) goes to 1 it is possible based on the selection of the n values that the outcome will always be a fraction of .
It is observed in Fig 4 that the Parallel mixing rule is linear over the entire range of volume loading. Similar to the Series mixing equation the Parallel equation is basically an equivalent set of parallel capacitors. It is found that the volume fraction of the both the particle and matrix times their associated dielectric constants leads to a value that is similar in magnitude and thus a linear line. However, the composite mixture equation is overpredicted.
Overall, for the associated / of Al2O3 the best practice is to keep the volume loading below 30% and to use the EMT mixing rule with the empirical selection of a n-value or to use one of the other mixing rules except Series Mixing or Parallel Mixing. 
C. Dielectric Measurement of Powdery CeO2
Cerium oxide (CeO2) with a dielectric constant of 23 was investigated with an increased dielectric inclusion ratio of / = 10 compared to the previous studies. Figure 5 illustrates the associated trend of CeO2 as a function of volume loadings. The trends of the equations do not significantly deviate from that of Al2O3, with the trend being a slight positive curvature with increased volume loading. It is noted that the Silberstein equation is now doing better at correlating with the experimental values, opposed when the / was low. As illustrated in Fig 5, as the volume loading increases only the Looyenga mixing rule and the Jayasundere-Smith mixing rule match the experimental values and follow the trend within the associated experimental error bars. It was found in that these two models did not adequately map the trends for Al2O3, suggesting that the dielectric inclusion ratio is contributing to dominance or lack of contribution of one or many of the terms in the expression. Further inspection of the equation for Looyenga mixing rule, which mapped the trends well, provided in Equation 5 above, finds that the equation is the summation of two power laws. Where the power law is fixed at 1/3. If the Equation 5 is rearranged as follows,
it becomes apparent that the expression is heavily dependent on the ratio of dielectric constants between the particle and matrix. The particle will not significantly contribute to the trend until the ratio is above 10, which is obtained in the case of CeO2.
A numerical comparison of values for the Looyenga and Jayasundere-Smith mixing equations demonstrated that the Looyenga mixing rule has a lower average percent error than that of the Jayasundere-Smith mixing rule. As seen in Figure 5 the Jayasundere-Smith is non-linear and does not follow a constant power law slope. Therefore, the error is varying throughout the volume loading range. To this end, it is recommended that the Looyengra be used with a / = 10 and a volume loading less that 30%.
D. Dielectric Measurement of Powdery TiO2
As the dielectric inclusion ratio approaches values above 30, for example, in the case of TiO2 with a values of 70 and a / = 30, the curvature of the lines as a function of volume loading increase. This change in curvature is attributed to the more significant contribution of the particles' dielectric to overall mixture's dielectric constant prediction. Figure 6 is an illustration of all the equations and experimental data as a function of volume loading. In this case there is one equation that clearly maps the trends. This is equation is the Looyenga mixing rule.
At a volume loading of <20% TiO2 only the Looyenga mixing rule can accurately predict the compound dielectric constant. Moreover, the trends of the Looyenga are also well correlated with the experimental values. When the volume loading is 10% the EMT, Silberstein, and Looyenga mixture equations pass near the experimental point. However, the EMT and Logarithmic equation do not map the trend of the dielectric constant with any accuracy outside of the 10% volume loading range.
Unlike the previous powders investigated, when the volume loading of TiO2 is at 5 and 10 percent, none of the equations besides Looyenga can predict the dielectric constant at a less than 5% error. In fact, only the Looyenga mixing rule is able to get within 20% error for all of the experimental mixtures, with an average percent error of less than 6%. However, at the lower volume loadings the mixture equations are still much closer than at high volume loadings. Further providing proof that low volume loading in the range of 10 to 20% are better suited for unknown powders.
V. CONCLUSION
This study investigated a variety of powder materials with a wide range of dielectric properties in a coaxial transmission line. The objective was to gain an understanding of how to best utilize the multiple mixture equations for calculating a powder's dielectric constant based on the experimental measurement of a composite mixture. In this study the dielectric properties of the matrix material, paraffin, were known and the unknown material in the two-part mixture was the powdery material. The dielectric constant of the composites were directly measured. It was determined that the selection of the most appropriate equation resulting in minimizing the percent error was dependent on the dielectric inclusion ratio's value, / . Table 1 and Table 2 provide a summary of the findings from this study. Table 1 provide the associated error and the appropriate mixing equation for the powdery materials studied. Table 2 provides guidance on selecting the correct mixing equation provided a given / . For these equations to be valid it was found that the volume loading of the powder should be kept between 15-20%.
The method of using a coaxial transmission line to determine the room temperature relative dielectric constant of powder materials has several clear advantages over other transmission methods. The approach has clear advantages over surface probe methods that are susceptible to differential pressures and free space methods that required complicated calibration considerations, To permit powdery materials that are electrically conductivity to be measured using a coaxial method the powders were incorporating with non-conductive paraffin mixture. By keeping the volume loading within the state range and forming coaxial plugs in the manor described within the study, it is proposed that reliable dielectric measurements can be made with greater certainty than other methods. Further studies look to extend these procedural methods to investigate temperature and frequency dependent properties.
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